To meet the ever-increasing demands that will be made on engines, and especially on planned new engine generations, in the future, the power density of their turbochargers will have to be significantly increased. Raising the brake mean effective pressure, introducing Miller timing and providing support for exhaust-gas treatment all presuppose an increase in the turbo's compressor pressure ratio while keeping the turbo unit as compact as possible.
Introduction
Driven by increasing environmental concern, growing global energy demand and the accompanying increase in power density in the high-speed and medium-speed engine segment, the demands made on the turbocharging of the engines are constantly being ramped up.
Trends in engine developments
Previous market analysis and discussions with engine builders have shown that a substantial increase in the performance of both diesel and gas engines in the high-as well as the mediumspeed segment can be expected [1] . This increase in power density will be accompanied by strong demand for a very substantial NOx reduction (IMO, EPA, DNV clean design,etc.) [2] . The desired higher power density for these engines is achieved by increasing the mean effective pressure (BMEP). With the help of Miller timing, which is characterized by early closing of the intake valve compared with a conventional engine, the exhaust temperature and thus also the NOx content can be reduced for diesel engines [3] . In the case of gas engines, Miller timing has the added advantage that it raises the knock limit. Also certain to gain in importance in new development work in the future is the issue of exhaust-gas treatment.
Requirements for new turbocharger generations
The demands these issues make on the turbochargers can only be fulfilled by an increase in the compressor pressure ratios at high turbocharger efficiencies. Figure 1 illustrates the trend toward high compressor pressure ratios for diesel and gas engines.
With turbochargers currently on the market, like the TPS..-F radial turbocharger series [4, 5] , maximum compressor pressure ratios of 4.7 up to 5.2 can be reached for continuous operation. These compressor pressure ratios are sufficient to cover the today's engine applications. However, to cover the engine builders' future requirements with single-stage turbocharging, compressor pressure ratios far higher than today's standard are required. This further increase in the compressor pressure ratio leads to much higher demands being made on the design and qualification of new single-stage highpressure turbochargers than for those turbochargers on the market today.
The paper shows how demand for compressor pressure ratios of up to 5.8 can be met with single-stage turbocharging. The necessary approach to the design of new high-pressure radial turbochargers, with references to the design of the static parts (e.g. housings) and rotating components (e.g. compressor and turbine) will be described in the following chapters.
Design concept of high-pressure turbochargers
Single-stage high-pressure turbocharging raises several design issues: consideration has to be given, for example, to the higher mechanical loading of future high-pressure turbocharger series; and it is important to look carefully from the outset at the choice of design concept and at the size and gradation of the turbocharger series.
Besides the question of the design concept, size, etc., the main focus for new high-pressure turbochargers will be especially the choice of material and the design of the high-pressure compressor stages. To achieve the required high compressor pressure ratios with single-stage turbocharging, the compressor stage material must either be changed from aluminum to titanium or the compressor must be cooled. Both approaches have advantages and disadvantages. The advantage of using titanium compressors is without doubt the fact that no additional structural measures for cooling are needed.However, the big disadvantage is the substantially higher material and production costs involved when these compressors are used. These considerations have shown ABB Turbo Systems Ltd the importance of maintaining the aluminum compressor for highpressure turbocharging. However, in order to ensure reliable operation with the longest possible exchange intervals at compressor pressure ratios up to 5.8 an optimized compressor cooling was developed, patented [6] and implemented in the new A100 turbocharger generations.
Design
As with the turbocharger series currently on the market, it makes sense to also base the new high-pressure turbocharger generations on a modular concept that also minimizes the number of modules used. This allows the manufacturing as well as subsequent service costs to be more easily kept under control. At the same time, retaining the modular design allows the new high-pressure turbocharger generations to be 1 Trends in turbocharging of modern engines 2 Sectional view of A140 high-pressure turbocharger optimized for the specific requirements of the different engine segments (high-and medium-speed). For example, it permits the use of optionally coated parts, multiple gas inlet turbine housings or different housing materials for applications with different temperature ranges. By offering a range of specific design and equipment options, the new A100 high-pressure turbochargers can also be used on medium-speed engines running with heavy fuel oil (e.g. application of coated nozzle rings) and featuring pulse charging. A sectional view of the new A140 single-stage high-pressure turbocharger with watercooled bearing housing can be seen in figure 2.
Housing design
When considering the issues of compactness and modularity, it is important not to forget the higher stresses imposed by highpressure turbochargers on the housings, on the rotor and bearing components. This means that at a very early design stage all the components must be stress optimized using FE calculation tools and subsequently dimensioned for the highpressure conditions. For example, in the case of the bearing housing it has been shown that the necessarily high fastening forces used to connect the high-pressure turbocharger to the engine console can lead to increased housing deformation.
This can be prevented by means of an optimized turbocharger mounting, positioned as low as possible. Figure 3 compares an FE-calculation of a conventional mounting (left-hand side) with the new A100 turbocharger mounting (right-hand side).
3 Housing deformation based on different turbocharger mounting 4 A100 Turbocharger mounting concept
To make it easier to attach the high-pressure turbocharger to the engine console, the possibility of hydraulic fastening was also taken into account in the design of the mounting for the new A100 turbocharger generation. Figure 4 shows the mounting concept chosen for the A100 turbocharger series where the position of the fixing bolts are located in the upper part of the bearing housing.
The issue of containment safety in the event of a compressor or turbine bursting also needs to be taken into account from the beginning. One result of the higher rotor speeds needed for high-pressure turbocharging (compared with those speeds in use today) is that they lead to a disproportionate increase in the kinetic burst energy of the compressor and turbine. Design experience gained with the new high-pressure turbochargers has shown that the housing design needs to be verified by FE containment calculations as early as possible in order to identify and eliminate potential weak points at this stage. However, it is only by carrying out a final containment test with first-series turbochargers on a combustion test rig that the bursting of the compressor and turbine can be effectively demonstrated and the containment can be verified.
Shaft and bearing system
As with today's radial turbochargers, the use of plain bearings, supported by a squeeze oil damper in the bearing flanges, remains the most reasonable option in terms of costs and operational reliability [7] also for the new high-pressure turbochargers. To ensure the new high-pressure turbochargers are of compact design, these also feature an axial thrust bearing positioned between the two plain bearings.
A key element in the design of the high-pressure bearing system, and of the turbocharger shaft and compressor connections, is the increase in operating torque due to the high compressor pressure ratios. This additional boundary condition was taken into account by increasing the diameter of the new A100 high-pressure turbocharger shaft compared with the actual TPS..-F turbochargers at equal size. Due to the use of plain bearings optimized regarding the mechanical losses, the mechanical efficiency of the new high-pressure turbochargers is comparable with the actual TPS..-F turbochargers even with the increased turbine shaft diameter.
As part of the mechanical qualification program, shaft motion measurements were carried out at turbocharger speeds up to overspeed with the enlarged turbocharger shaft as well as the adapted bearings. These measurements confirmed that plain bearings also exhibit excellent stability behavior in highpressure applications and under different operating conditions (oil inlet temperatures and pressures). Figure 5 shows, as an example, the measured shaft motion amplitudes for high rotor unbalance versus the turbocharger shaft speed at different oil inlet temperatures. It is seen that the shaft motion amplitudes measured with the plain bearings are well below the limits of radial shaft motion even up to overspeed.
3. High-pressure compressor stages with cooling As mentioned in the introduction, for the new A100 high pressure compressor stages one-piece aluminum compressor wheels will be used as these allow optimization in the cost as well as production area. To achieve the target of the high compressor pressure ratios of 5.8 with the new compressor stages an additional compressor cooling system was introduced in the new A100 high-pressure turbocharger series.
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Compressor cooling concept
The compressor cooling concept for the new A100 highpressure turbochargers is based on the cooling concept of the already well-established TPL..-C axial turbocharger series.More then eight years of successful field experience with the integrated compressor cooling in the axial TPL turbocharger series [8] is now available. This cooling concept was integrated in a modified radial turbocharger and tested on a combustion test rig. In an extensive test program the cooling effectiveness and serviceability was determined also for the new A100 radial turbocharger series. The test program showed that the most practical solution which meets requirements is to use cooling air injection for the radial turbochargers too. The strategy is also the easiest for the engine builder to implement. The cooling air mass flow is drawn from the main flow after the charge air cooler and is routed through the bearing housing to the impeller without additional cooling. Figure 6 shows the scheme of the impeller cooling concept for the new high-pressure turbochargers.
Compressor operation with injection cooling
Due to blow-by mass flow, whereby part of the air/gas at the impeller outlet during operation enters the oil charge near the impeller-shaft attachment area, a source of heat exists between the bearing cover and impeller. The temperature of the air/gas increases with increasing pressure ratio. The air injection cooling strategy is designed both to block this flow of hot fluid into the area between the impeller and bearing cover as well as mitigate the heat transfer into the impeller. Due to the sensibility of the impeller material to temperature, particularly the dependence of material creep behavior, the temperature distributions in operation of all geometrically dissimilar impellers were measured on a combustion test rig. Figure 7 shows the test rig equipment for material temperature measurements of a compressor stage with impeller cooling.
Benefit of impeller cooling by air injection
The material temperature measurements were carried out on impellers with air injection cooling up to compressor pressure ratios of 5.8. These measurements prove that the cooling effect is also sufficient for applications mostly associated with material creep (e.g., power plant operation) using aluminum compressor wheels without compromising the long exchange intervals for the compressor wheels.
In Figure 8 the influence of the compressor cooling by air injection on the achievable compressor pressure ratio for a creep behavior intensive application is shown. The blue speed line represents the maximum allowable speed without cooling; the green speed line represents the maximum allowable speed with cooling. The implemented cooling strategy allows the turbocharger speed limit to be raised for 100% continuous operation, resulting in the increase in compressor pressure ratio from 5.2 without cooling up to 5.8 with the compressor cooling system.
To determine the best geometry for the air injection cooling design, CFD calculations were carried out as well as 2D FE calculations to determine the impeller temperature distribution. These calculations were verified and adjusted to a higher precision based on extensive material temperature measurements in the compressor wheels.
Design of new high-pressure compressor stages
To cover the needed volume flow rate for high-as well as medium-speed applications, three different compressor design areas were developed and designed for the new A100 high pressure turbocharger generation. These three design areas cover the small, medium and large flow rate used for each turbocharger size. Figure 9 shows the volume flow rate and the compressor pressure ratio of the new A100 high-pressure turbocharger series in comparison with the established TPS..-F series.
A key feature of each compressor stage is that there is one impeller and high-pressure diffuser designed specifically for the given flow rate. The impeller and diffuser blade design for each compressor design area is based on 3D viscous flow field calculations methods. To ensure that the required surge margin and map width are also achieved at high compressor pressure ratios up to 5.8, the new high-pressure compressor stages are equipped with a flow recirculation device [4] in the wall insert, as is also used in the established TPS..-F series.
Compressor thermodynamics
An important consideration concerning the impeller air injection cooling design is its effect on the compressor thermodynamic performance. In order to properly gauge this effect, measurements were carried out on a combustion test rig with a prototype turbocharger, both with and without impeller cooling.
The main results of these comparative measurements with and without cooling can be summarized as follows: -The use of cooling air injection for compressor cooling has no negative effect on surge or on the choke margin. -The use of cooling air injection for compressor cooling causes the compressor efficiency as well as the turbocharger's overall efficiency to be reduced, the amount depending on the required cooling mass flow. The reduction of the turbocharger's overall efficiency due to the compressor cooling is below 1%-efficiency point for the A140 turbocharger frame size. -The air intake/outlet mass flow is not affected by the compressor cooling. Therefore, there is no effect on the volumetric efficiency.
Through the iterative design process involving theoretical calculations as well as test stand measurements, it was possible to achieve the thermodynamic and mechanical integrity goals of the impellers for each high-pressure stage shown in figure  9 . To illustrate the thermodynamic characteristic of a highpressure stage, a compressor map of the A140 highpressure ratio compressor stage intended for high volumetric flow rates is shown in figure 10 . Also shown is the compressor isentropic efficiency along the generator operating line over the compressor pressure ratio. The thermodynamic measurements were carried out on a test rig with an A140 turbocharger.
compressor mechanics
In addition to the thermodynamic design of the high-pressure compressor stages, the material high cycle fatigue (blade vibrations) due to the higher required rotational speeds must also be taken into account. Determining the blade vibration necessitated FE stress and eigenform calculations and extensive blade vibration measurements with strain gauge applications, carried out on a turbocharger test rig, of all geometrically dissimilar impellers. These carried out measurements showed that additional to the especially high centrifugal forces, high pressures and high temperatures strong resonances at high speed appeared. Therefore a novel approach was necessary to maintain safe operation without compromising performance. To achieve pressure ratios in operation of up to 5.8, an operating range safety margin above this pressure ratio is required. This operating range must also be free of damaging blade vibration resonances. Since a vaned diffuser is nearly always the vibration excitation source at high eigenfrequencies, a special diffuser was designed to reduce the excitation energy of specific resonances. In addition, the impeller was designed to raise the eigenfrequency of other resonances so that they are shifted out of the required speed range.
High pressure turbine stages
To be able to reach the high compressor pressure ratios of up to 5.8 in continuous operation new development work was also necessary on the turbine side.
Requirements and design
The main demands made on the mixed-flow turbines for highpressure turbocharging can be summarized as follows: -Higher operating limits in terms of creep behavior and low cycle fatigue than are possible with today's mixedflow turbines in order to achieve the necessary high speeds on the compressor side. -High turbine efficiency, especially at high turbine pressure ratios, for each specified flow range to ensure optimal turbocharging also at high charging pressures. -Reduction of the turbine mass, as well as the massmoments of inertia to optimize the acceleration behavior for high- The development of the new mixed-flow turbines for the future high-pressure turbocharger generation took full account of these criteria. The design studies carried out for the new turbines showed that the main requirements could no longer be fulfilled with just one turbine design. Therefore, in accordance to the different compressor stages used on compressor side, several completely different turbine stages were introduced with the new A100 high-pressure turbocharger generation. The central feature of each turbine stage is the use of one turbine designed specifically for the applicable flow range. By designing each individual turbine stage optimally for the specified flow range, each stage achieves higher turbine efficiencies than the turbine stages currently in use while also featuring extended operating limits.
Turbine thermodynamics
To gain an impression of the thermodynamic potential of the new high-pressure turbines, figure 11 compares the turbine efficiency of a turbine stage currently on the market with the new mixed-flow turbine designed for the middle flow range with the same effective turbine area.
The efficiencies shown in figure 11 were measured with the current turbine in a TPS57-F turbocharger and with the new mixed-flow turbine in A140 turbocharger size.
To keep the reduction in turbine efficiency due to internal bypass of the exhaust mass flow as small as possible, an additional flexible seal was introduced at the nozzle-ring of the new A100 high-pressure turbochargers too. combustion chamber test rig already during the design of the new high-pressure turbines to ensure that the blade vibration safety is also valid for pulse charging. Figure 13 shows the CFD model for unequal admission to the turbine. The boundary conditions for the computer models were determined by carrying out pressure pulse measurements on selected pulse charged engines.
Turbine mechanics
Using the measured pressure pulses, the turbine blade vibration excitations were simulated with the help of the CFD calculations and the resulting turbine blade vibration amplitudes were derived [9] . Together with this theoretical examination of the blade vibration resistance under pulse charging conditions, further blade vibration measurements were carried out on the combustion chamber test rig for each new mixed-flow turbine stage. These measurements were performed with strain gage equipped turbines and additionally using optical methods in combination with different guide vane positions (nozzle ring areas). Additional blade vibration measurements carried out on a pulse charged medium-speed engine also confirmed the blade vibration resistance for pulse charged engine applications.
The maximum stress amplitudes, determined with the help of the blade vibration measurements carried out on a pulse charged medium-speed engine, are shown in the HaighDiagram for the new mixed-flow turbines in figure 14.
5. High-pressure turbocharger application range and overall efficiency Like existing radial turbocharger series [5] , the new A100 highpressure turbochargers cover the full range of applications on engines in the marine, industrial and power generation as well as traction sectors in terms of required volume flow rates and the overall turbocharger efficiency, optimized for part load as well as full load.
High-pressure turbocharger application range
The broad spectrum of high-pressure compressor and turbine stages realized for the new A100 turbocharger generation enables the volume flow rates covered by the turbocharger series on the market today with compressor pressure ratios of up to 5.8. In Figure 15 the volume flow rates of the new A100 radial turbochargers are compared with the established TPS..-F series [5] . Figure 16 , which is based on the results of A140 measurements on a combustion test rig, shows the performance of the new A140 in terms of the overall turbocharger efficiency versus the compressor pressure ratio. The A140 turbocharger for medium flow rate used for the measurements was specified for a high-speed full load application. The comparison with turbocharger efficiencies of similar RR and TPS..-F turbocharger sizes currently on the market shows well the turbocharger performance gain at the high compressor pressure ratio of up to 5.8. By offering a wide range of specific compressor diffusers and turbine nozzle rings, the new A100 high-pressure turbochargers can also be optimized for part load operation, e.g. marine propulsion and marine auxiliary engines. Depending on the compressor and turbine specification, the overall efficiency of the new A100 radial turbochargers will be in the same range as today's TPS..-F applications for part load operation. As a consequence of the part load optimized A100 high-pressure turbochargers, the available range of compressor pressure ratios will be limited to 5.3 to 5.5 under ISO conditions and depending on the required engine application (fix pitch propeller or constant speed with strong Miller effect).
Overall efficiency of high-pressure turbochargers
Variable valve timing is applied on different engines in order to improve engine performance at part load while using the high compressor pressure ratios of the A100 turbochargers at full load. Engine tests with the new A100 high-pressure turbochargers and variable valve timing have shown good results. As a result, the combination of new high-pressure turbochargers and variable valve timing is being successfully applied to the series production of modern marine diesel engines fulfilling the latest IMO NOx emission legislation.
Qualification of the new high-pressure turbocharger series
The development of the new single-stage high-pressure turbocharger series has shown that not only the boundary conditions for the new turbocharger components, e.g. the compressor and turbine, have changed, but also the mechanical qualification program has to be adapted which it is essential for the necessarily higher operational limits.
Boundary conditions for qualification
Due to the operational limits for single-stage high-pressure turbochargers being higher than those currently required, the previously employed qualification tests for standard turbochargers, although successful, can be used only conditionally for qualification of the new high-pressure turbochargers.
The main influences of the high operational limits on the qualification boundary conditions can be summarized as follows: -Extended turbocharger speed range.
-Increased compressor outlet temperatures due to higher compressor pressure ratio. -Increased mechanical load on housings and their connections due to higher compressor and turbine pressures.
Complexity of qualification
To ensure reliable operation of the new high-pressure radial turbocharger series, an extensive qualification program was carried out on combustion chamber test rigs with the development size turbocharger. This qualification program takes into consideration the adapted boundary conditions specified before. These tests covered on the one hand the thermodynamic validation of the new compressor and turbine stages, and on the other the mechanical qualification of the new high-pressure turbocharger and its components. It was shown that, in comparison with the qualification of earlier turbocharger series, the overall qualification process for the new high-pressure turbocharger series exhibits a higher complexity. The reasons are the greater number of necessary compressor and turbine specifications needed for highpressure turbocharging, each of which has to be qualified individually (especially blade vibration measurements).
17 Measurement setup for blade vibration measurements on the turbine side 6.3 Application of new measurement methods During the qualification of the new high-pressure turbocharger series, new measuring methods developed in recent years were used as standard for the first time to improve the evaluation of the dynamic procedures. This became necessary since, because of the extended operational range of the high pressure turbochargers, the measuring methods and measuring equipment used to date would have been working at their limits. Thus, on the turbine side an optical laser procedure was used to measure the blade vibrations both on strain-gageequipped high-pressure turbines and on several non-straingage-equipped turbines. This allowed the effect of mistuning with regard to blade vibration to be examined and judged. In addition, the signals from the strain-gage-equipped blades on the compressor as well as on the turbine side were transmitted by means of telemetry to the data acquisition system. This ensured perfect signal transmission even at the highest turbocharger speeds. Figure 17 shows the measurement setup for the blade vibration qualification of the turbine.
As the turbine efficiency is particularly responsive to the radial turbine clearances, these clearances were measured during turbocharger operation. As a result, it was possible to define the permissible average radial turbine clearances as well as to validate the turbine housing centering devices. The clearance measurement was carried out continuously up to the maximal permissible turbocharger speed and turbine inlet temperature. This contactless clearance measurement was made possible by four capacitive sensors placed circumferentially in the gas outlet flange.
These new measuring methods to measure the blade vibrations were not only used for the qualification on the combustion chamber test rigs, but also in the field evaluation of the new high-pressure turbochargers. This allows, in addition, an individual examination of the operational reliability of the high-pressure turbochargers up to the maximum permissible operation limits for each specific application.
hours on a highspeed engine test rig Besides these summarized qualification tests on the combustion chamber test rig, additional component and turbocharger tests must be passed before the product release of a new highpressure turbocharger can take place. These additional tests comprise e.g. the natural frequency qualification test, as well as mechanical tests, e.g. assembly and tools qualification, in the case of the complete turbocharger.
First field experience with new high pressure turbochargers
In order to gain first on-engine experience with the new A100 high-pressure turbocharger generation as early as possible, several prototype turbochargers with the corresponding highpressure compressor and turbine stages were installed on selected high-and medium-speed engine test rigs.
Regarding turbocharger performance and high-pressure turbocharging in general, it proved to be helpful to install already during the development of the new A100 radial turbocharger generation so-called technology demonstrators with the new high-pressure components on selected high-and mediumspeed engines. This allowed the turbocharger performance and possible influences of high-pressure turbocharging on engine operation to be tested and confirmed already at an early stage. Thus, the new A100 high-pressure turbochargers already installed on engines fulfill the high performance expectations, while high power densities could be achieved on the engine side. First inspections carried out on these highpressure prototype turbochargers, some of which had already accumulated several thousand running hours, showed that the turbochargers fulfill in every respect the expectations with regard to mechanical robustness even at the high required compressor pressure ratios of up to 5.8. In figure 18 the new A140 turbocharger as well as the radial and axial bearing components is shown after several thousand running hours installed on a high-speed gas engine test rig. This carried out inspection demonstrate the good reliability of the new highpressure turbochargers and its components.
In addition to the installations on these test rig engines, first A140-H series turbochargers have been successfully put into operation on field test plants [10] .
Conclusions
To meet engine manufacturers' ever-increasing demands in terms of achievable compressor pressure ratios a policy of constant, ongoing turbocharger development is necessary. The demand for the high compressor pressure ratios is directly connected with an increase in the requirements made on the turbocharger design and on the thermodynamic and static turbocharger components. This leads to an increase in complexity in the dimensioning and design of the new highpressure components. Use of the available calculation tools, such as FEM or for the fluid dynamics CFD, provides essential support for dimensioning the high-pressure components, in some instances making it possible at all. It was also shown that more or enhanced thermodynamic and mechanical qualification and validation tests are required for the new highpressure turbochargers due to the extended boundary conditions.
With the help of the available tools and the application of new measuring methods for the turbocharger qualification, the components of the new A100 high-pressure turbocharger generation could be designed and qualified by ABB Turbo Systems Ltd such that the required reliability and component lifetime are ensured, while performance and component efficiency are optimized. The development and introduction of the new A100 high-pressure turbocharger generation has shown that with appropriate turbocharger components, compressor pressure ratios of up to 5.8 are also possible in continuous operation with one-piece aluminum compressors and with single-stage turbocharging. The first frame sizes of the new A100 high-pressure turbocharger series have been released for market introduction, setting a significant new benchmark for turbocharging advanced diesel and gas engines.
